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INTRODUCTION

The research performed under this program has focused on studying uptical pro-

perties of non-spherical particles in the laboratory. It required the development

of techniques for routinely generating and collecting artificial aerosols of known

7/ chemical composition, for performing light scattering measurements, and for inter-

preting light scattering data. Progress on each techniuqe has been achieved and we

will discuss the main results for each of these three basic activities separately.

Along with the results, we shall also discuss our conclusions and recommendations

for future research.

1. Generation and Collection of Optical Aerosols

1.1 Experimental Techniques

We used two different kinds of generators for our studies - one for monodisperse

aerosols and one for polydisperse aerosols:

a) The monodisperse aerosol generator was a TSI Model 3050, a commercially avail-

able instrument that operates with an ultrasonic vibrator that breaks a liquid jet

into equal-volume droplets. The liquid in the jet is a solution of known chemicals

and, after the droplets dry out in a flow of clean air, they leave residual particles

with characteristic shapes. Some examples of the types of particles obtained with this

device are shown in Appendix I.

b) The polydisperse aerosol generator was assembled in our laboratory as a repro-

duction of one of the aerosol generators used during the First Workshop on Light

Absorbing Particles, Fort Collins, Colorado, in 1980 (Gerber and Hindman, 1982).

Compressed air flows through each of three bottles in series. Each bottle is par-

tially filled with the solution used to form the particles. Air passing through the

first bottle becomes saturated with respect to the chemical solution being used to
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generate the particles. If saturated air from the first bottle is bubbled through

the liquid in the second bottle, the concentration ol that liquid will not change

since evaporation losses will be minimized. The bubbles in bottle #2 break and

cause droplets to be injected into the air. A jet of air with suspended droplets

from the second bottle is directed toward the surface of the liquid in the third

bottle so that the largest of the droplets will be removed by impaction. The smal-

ler droplets proceed through the system, they evaporate in dry air, and the droplet

residue then forms a polydisperse aerosol. This system was simple to assemble,

operated steadily for long periods of time, and generated reproducible aerosol size

distributions from one experiment to another.

For aerosol collection we used nuclepore filters made of polycarbonate membrane

with hole diameters of 0.4 um. Circular filters with diameters of 25 mm were used

for short sampling times of the order of 10 min, and filters with diameters of 47 mm

were used for long sampling times of the order of a few hours. In both cases we used

plastic filter holders and a sampling differential pressure of 25 cm Hg. The shorter

aerosol sampling times were used for the filters to be analyzed with the scanning

electron microscope; in that case the aerosol flow was sampled through a 1-mm hole

in the cap of the filter holder. The long filtration times were used for determin-

ation of the mass by weight; for those cases, no caps were used during the filtra-

tion process.

1.2 Results

A monodisperse aerosol generator (TSI Modcl 3050) was used for generating the

non-spherical, non-homogeneous aerosol particles during our light scattering study.

The vibrating orifice generator is capable of producing a continuous flow of prac-

tically monodisperse droplets of known chemical solutions. In our experimental
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apparatus the droplets were rapidly evaporated in a relatively strong flow of fil-

tered dry air ( 6 m 3/hour) and samples of the remaining dry residue were collected

on nuclepore filters after passing through a I-m length of 46-mm diameter metallic

tubing which served as an aerosol flow tube for the Georgia Tech laser polar nephe-

lometer (Grams et al., 1975). Figure 1 shows schematically the experimental set-up

along with some additional technical information.

Analyses of the filters with a scanning electron microscope (SEM) enabled us

to determine morphological characteristics of the particles such as the particle

shape and size as well as the roughness and degree of irregularity of the surfaces.

It also allowed us to establish the amount of uniformity amongst the monodisperse

particles. Examples of the variety of particle characteristics obtained with our

aerosol generation system are shown in Appendix I.

All the chemical compounds used in our study were dissolved in a 50-50 solution

of ethanol and water and loaded in a 50 cm 3 disposable plastic syringe. With the

20-in diameter generator orifice and the gear ratio specified by the instruction

manual of the aerosol generator, it proved to be straightforward to obtain contin-

uous aerosol flows for time periods lasting from approximately two hours to a maxi-

mum of about six hours. No modifications were performed on the instrument, and the

instrument was operated in accordance with the procedures outlined in the manufac-

turer's instruction manual.

The range of concentrations of the various compounds in the 50-50 ethanol-

water solutions was between 6.6 x 10-6 to 6.3 x 10- 3 (by volume) corresponding to

particle sizes that were approximately between 1 and 6 um (with the 20-im generator

orifice). While using a given compound, it was fairly easy to produce particles

with a shape similar to those wanted; however, it proved to be difficult with our

standard set-up to reproduce particles o the same size (within the uncertainties

of the SEM) in different experiments. The compounds tested, and examples of the
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particles obtained in our laboratory are Listed on the following pages along with

other supplementary information. In addition to the material presented in the manu-

facturer's instruction manuals, additional examples and details on the vibrating

orifice generator may be found in a variety of articles such as Berg~und and Liu

(1973), Pinnick et al. (1976), and Liu (1975).

It should be noted that our monodisperse particle generator was operated with-

out the use of an option offered by the manufacturer, namely, a radiation source to

prevent electrostatically charged particles. We regarded this attachment as an

item that would be important for preventing the loss of aerosol particles to the

wallis of small diameter aerosol flow systems. Such losses are expected to increase

with particle size and, for the range of particle sizes in our experiments, these

losses were expected to be negligible. While our data supports such assumptions,

we (lid encounter one effect that might have been eliminated by the use of the radia-

tion source. In some of our filter samples, the SEM photographs showed particles

that appeared te stick to each other as in Figure 4b of Appendix I. We believe

that the fragile structures indicated in such photographs are formed by electro-

static attraction between individual particles on the filter surface (rather than

in the air). For future work, we would recommend that the radiation source be used

to prevent such effects and to provide better documentation on the mc-phology of the

artificially generated particles.

Tie examples shown in Appendix I demonstrate that fairly good results can be

obtained with the Berglund-Liu generator by simply following the instruction manual

and without special instrumentation training. Our results to date indicate the

most interesting particle shapes that we can generate are those that were obtained

from mixtures of different compouncds of known refractive indices as in Figure 6 of

Appendix I. We hope in the near fNture to be able to extend these experiments with

the aerosol generator to develop procedures for obtaining reproducible results for
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a variety of unusual particle shapes.

On one hand, the development of ad hoc laboratory techniques is necessary for

one to generate these unusual shapes. On the other hand, these particles are rep-

presentative of the kind of particles actually occuring in nature and the shapes

are of interest in many atmospheric applications. In fact, the particles that we

generated by mixing 75% ammonium sulfate and 2',% nigrosine dye in a 50-50 ethanol-

water solution with a concentration of 6.6 xO-' by volume were similar to those mea-

sured by the NASA Langley Research Center with a quartz crystal microbalance in the

stratosphere after the eruption of El Chichon lolcano (Personal conmunication, David

Woods, NASA/LaRC, 1982).

With regard to our "home made" system for generating a polydisperse aerosol,

a "typical" size distribution obtained with the, system is shown in Figure 2 for

the case of a solution of sodium chloride. Those measurements were obtained with

a Knollenberg counter (PMS Model LAS-X). The aerosol polydispersions generated

with this system did not appear to be electrostatically charged; the size distribu-

tion in these cases seemed to depend mostly on the aurface tension of the soJution and

on the air pressure used for the bubbler durin: the experiments.

Th- main population of the particles from the polydisperse generator was usual-

ly in the size range around 0.1 micrometer radius. With water solutions it differ-

ent concentrations, it was easy to change the i:ean size of the main population of

the particles by a factor of two from this typical value. The generation of larger

particle sizes could be achieved by replacing Lhe capillary glass tubing in the

second bottle with a porous glass pipette and drying the aerosol immediately after

the particles left the second bottle. We ran only a few tests with the source in

this configuration, and we did not measure its stability with time.

As the general conclusions of this sectioTi, we :an make the following state-

ments :
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- The Berglund Liu vibrating orifice generator proved to be a stable and

dependable monodisperse aerosol source. The use of an orifice diameter of

20 Lim permitted long and stable operation for particles in the size range

between 0.5 jim and 2 urm radius with flow rates of the order of 10 particles/

cm2/s. The radiative source for neutralizing the particles is necessary

only if there are specific reasons for sampling the aerosol with smaller

diameter plastic tubing at low flow rates or for generating particle sizes

larger than a few microns.

- Particle collection on filters for analyzing the particles at the SEM is

straightforward and can be done with characteristic times of the order of

10 minutes. No particular care is needed unless it is necessary to avoid

particle aggregation due to electrostatic charge or particle breaking due

to the fragile nature of the particles (;ee Fig. 4b, Appendix I).

- Stable aerosol polydispersions in the submicron size range could be genera-

ted by bubbling air through solutions in the way that was described above;

the stability of such sources is good and fairly well reproducible. The

particle concentration depends mainly on the amount of diluting air used

for drying the particles. If simple rubber stoppers are used on the bottles

to maintain air pressure, typical maximum pressures are of the ordk.r of

14 x 103 Pa.

2. Light Scattering Measurements

2.1 Experimental Techniques and Results

A systematic description of the experimental apparatus and of the results are

described in the attached Appendix II. Most o! the data had been taken using a

HeNe laser as a light source at 6328 A for a p,)lar nephelometer measuring scatter-
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ing angles between 10 and 1700 in two orthogonal planes of polarization of the inci-

dent light. An informal collection of most of the 90 measurements made during the

course of our study is available upon request; the typical relative error on single

data points was less than 10%. Other available light sources such as the dye laser.

were not stable enough to perform dependable measurements.

2.2 Conclusions

From the viewpoint of the optical measurements, many interesting conclusions

can be drawn. The polar nephelometer properly performed measurements of light

scattering on the set of particles; we did not have any indication that the parti-

cles were not randomly oriented. This factor allowed us to rapidly measure the

light scattering characteristics of particles without having to perform averaging

on different orientations.

The only systematic uncertainty on the data set has been introduced by the

percentage (typically less than 10) of particles with double volume, generated

along with the main population of monodisperse particles. Generally speaking, we

noted that the following properties of monodisperse particles can be observed

directly on the raw data prior to any specific data analysis; if the particles have

a quasi-spherical symmetry with various irregular features appearing on their sur-

faces it is possible to evaluate the size parameter x of the particles (x = 27r/\,

where r is the radius and , the wavelength of the illuminating beam) from the value

of the angle ', where the first observable diffraction minimum occurs in the scat-

tering curve in coincidence with the first zero of the Bessel function of the first

kind. '"'his can be compared using the formula:

x = 3.83/sin0i
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or, with less precision, from the angle 02 corresponding to the second minimum of

the diffraction curve using the formula:

x = 7/sinO2

These results are almost independent of the shape an(' size of the particles. It is

also possible to qualitatively estimate when a particle is light absorbing from the

difference existing in the scattering intensities around 600 for two orthogonal

planes of the polarized incident light; in fact, high values of polarization aling

this scattering direction can usually be associated with a high fraction of light

absorbed inside the particles. While generally true, this rule cannot be applied

to metallic particles or for particles with si;e parameters less than about 5.

3. Analysis of Light Scattering Data

3.1 Summary of Numerical Procedures

The final results of each experiment, after reducing the data for the gaseous

scattering and instrumental response and averaging the various angular scans, con-

sisted of graphs of the average measured intensities plotted versus angle in the

interval 10-170 ° for each plane of polarization of the laser beam illuminating the

flow of particles. We concentrated our attention on studying the characteristics

of the normilized phase functions, Pl(e) and P(O), as defined by Diermendjian

(1969), because these functions are independent of the number of particles per unit

time crossing the laser beam or of any absolute calibration of the instrument. In

fact, we measured particles for the interval ol' size parameters from x = 5 up to

the value of x = 30, where the scattering cross section of the absorbing particle

k,



is close to the value predicted by geometric optics. The asymmetry parameter,

g = P6) P2 iG) p dI

where

can he computed from the normalized data. For nonabsorbing particles, g is appro-

ximateiy related to the scattering efficiency factor by the relation:

Qsca (I - g) i constant

for size parameters larger than 10. In both cases, it is possible to recover some

of the information on scattering and extinction coefficients that have been lost in

the normalization procedure.

Previous comparisons between the Mie theory and measurements taken with micro-

wave and light scattering techniques gave apparently opposite results (Zerull, 1976;

Pinnick et al., 1970). Therefore, it was rather important to choose a data analysis

procedure that would lead to results as independent as possible from the specific

experimental procedure. The numerical techniques used to normalize the data, to

estimate the size parameter and to compute the asymmetry parameters, have been

described in detail in Appendix II and will not be repeated here.

On all the data sets, we ran

- intercomparisons with the Mie theory for spherical particles;

- inversion procedures based on the Mie theory (Baker and Coletti, 1982)

- a modified version of the Pollack and Cuzzi (1980) theory;
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- a least-squares inversion for determining the percentage of

diffracted, reflected and refracted light from the scattering particles.

3.2 Conclusions

Non-light absorbing particles had measured phase functions that were almost

'V "featureless with only a few oscillations in the forward scattering and the backward

scattering directions. Interestingly, the intercomparisons with the Mie theory for

spherical particles showed that, in the cases where it was possible, the phase func-

tion best fitting the forward scattering did nt fit as well in the backward scat-

tering and vice versa. Somewhat analogous conclusions had been reached by Pinnick

et al. (1976) who interpreted their data in terms of Mie spheres with concentric

voids.

Our inversion program based on the Mie theory did not give definitive numeri-

cal results,and any expectations about represeuting measured light scattering with

a set of "equivalent spheres" should not be enc:ouraged at this point. For the non-

spherical particles, we were not able to find any systematic relationships between

the sizes of the particles measured and the retrieved sizes. The retrievals, in

fact, appeared to be more dependent on our choice of size bins and error smoothing

methods than on any of the obvious physical parameters for describing the irregular

particles.

We dLd not have a great deal of success in applying the Pollack and Cuzzi

(1980) theory for aerosol particle polydispersions t;) our monodisperse systems.

This theory is, crudely speaking, based on describing the scattering pahse functions

with the Mie theory for smaller particle sizes and letting the rest of the scatter-

ing contributions be represented by a combination of diffraction, reflection and

transmission properties of the larger particles. In practice, the Mie curves that

represented the best compromise for fitting the oscillations observed in the experi-
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mental data in the forward and backward directions was such as to dramatically de-

crease the diffraction contributions by forcing the coefficients of reflected and

refracted components toward unreasonable values compared with diffraction. On the

other hand, if the Mie contributions were decreased, the resulting fits were unac-

ceptable, because the reflected and refracted component were represented by func-

tions that are somewhat similar to each other and could not be uniquely distinguished.

A procedure of fitting the main forward scattering peak to diffraction patterns was,

some of the time, in disagreement with the secondary peaks. Therefore, the forward

scattering could not be properly represented by simple linear combinations of dif-

fract ion, tran:muission and reflection. Consequently, we devised our own non-linear

proceduLre, as described in Appendix 11, for the representation of the aerosol

scattering patterns.
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APPENDIX I.

,'n-Spherical Aerosol Particles Obtained With The

Vibrating Orifice Generator



Sodium Chloride

Sodium chloride (complex refractive index = 1.54) crystallizes in spherical

shells made of right parallelepipeds as shown in Figure 2a. At low values of

concentration this quasi-regular structure seldom occurs and structures like

those shown in Figure 2b (left) are more likely to occur.

Table I shows the numerical volumetric concentrations obtained in our labor-

atory, the actual minimum and maximum sizes determined by analyses of SEM photo-

graphs, and brief comments on the particle shape at each concentration.

Table I

Sodium Chloride

n= 1.54 @ X = .633 um; o = 2.165 g cm - 3

Expected Observed
Concentration Equivalent Sizes Comments

Diameter((.m)m

6.6 x 10 6 0.78 1.3 - 1.5 Like in Fig. lb

6.9 x 10- 0.8 1.0 - 2.1 Cubes

5.3 x 10- 5  1.6 1.6 - 2.3 Fig. lb

8.3 x 10- 1.8 2.1 - 2.6 Like in Fig. la

4.2 x 10- 4  3.1 4.4 - 4.8 Like in Fig. la

6.7 x 10 3.7 4.7 - 4.9 Fig. la

6.3 x 10- 3 7.7 5.2 - 5.9 Like in Fig. la
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Ammonium Sulfate

Ammonium sulfate (complex refractive index = 1.55) crystallizes in non-

spherical particles formed by single or agglomerated round-edged crystals

(Figure 3 and relative data in Table I). We have found indications from our

optical measurements that this particle might be hollow. This fact has not

been confirmed by other authors' observations.

Table II

Ainmonium Sulfate

m = 1.55 0 N = .633 pm; o = 1.769 g cm

Expected Observed
Concentration Equivalent Sizes Comments

Diameter

5.3 x 10-5  1.6 1.9 - 2.3 Fig. 2a

8.3 x lO-5  1.8 2.2 - 2.4 Like in Fig. 2a

4.2 x 10-4  3.1 3.5 - 4.0 Fig. 2b

6.7 x 10-4 3.7 3.2 - 4.0 Like in Fig. 2a
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Potassium Chlorite

Potassium chlorate (complex refractive index = 1.48) crystallizes in

spheres marked with wrinkles of variable shaje and depth that give a character-

istic aspect (Figure 4a). We have found some indications of the presence of

internal marked dishomogeneities. This interpretation is supported by observa-

tions of the !manner in which the fragile particles broke on impacting the filter

(Ficure 4b). Discussions by other authors also tend to confirm this interpre-

tation.

Table III

Potassium Chlorate

n = 1.682 P .633 ..m. 2.32 q cm-3

Expected Cbserved

Concentration Equivalent Sizes Comments
Di ameter

6.66 x 10-6  0.78 1.1 - 1.3 Like in Fig. le

5.3 x 10- 5  1.6 2.2 - 2.3 Fig. 3a

6.7 x 10-4 3.7 4.2 - 4.5 Fig. 3b
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Methylene Blue

The complex refractive index of Methylene Blue is not well known. Patter-

son et al. (1981), recommended 1.67 - 0.2i on the basis of diffuse transmission

measurements. For our data analysis, we used 1.67 - 0.6i on the basis of com-

parisons between the measured phase functions and those calculated from Mie

theory for spherical particles.

'Jith this compound, it often proved to be difficult to start the liquid jet

of the aerosol generator. We associate this with an increased value of surface

tension of the liquid that tends to markedly decrease the flow through the liquid

filter of the syringe. The addition to the solution of a little more ethanol was

usually enough to solve the problem. This procedure, however, caused some uncer-

tainty in the recorded values of concentration and our expected equivalent par-

ticle sizes are less reliable for this compound as compared with our other exper-

irent.

Table IV

Methylene Blue

=1.67- ( 0.6 @ .633 him; ~=1.47 g cm - 3

Expected Observed
Concentration Equivalent Sizes Comments

Diameter (on)

1.,. x 10- 5  0.93 C.99 - 1.14 Like in Fig. 4a

5.3 x 10- 5  1.6 1.0 - 1.2 Like in Fig. 4a
Q.3 , 10 5  1.8 1.6 - 2.2 Fig. 4b

6.7 x 10 3.7 2.0 - 3.6 Fig. 4a
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Nigrosine Dye

Niqrosine dye particles had characteristics very similar to those of Methy-

lene Blue in the way they crystallize (Figure 6, left side). Pinnick has sug-

,jested a value of 1.67 - .026i (4 5') on the basis of diffuse reflectance mea-

surements. Our best-fit refractive index values, based on phase function com-

parisons with Plie theory were 1.67 - 0.6i.

As an operational procedure, it is recommended that the solutions be pre-

filtered before loading them in the aerosol generator. Some ethanol can be

added either to replace the solvent that evaporated during the filtering process

or if, as in the case of Methylene mlue, the surface tension of the solution

does not allow sufficient flow through the system.

Before and after experiments with Nigrosine dye, we found it very helpful

to wash the aerosol generator with methanol instead of isopropyl alcohol. Iso-

prouyl alcohol, recom-ended in the manual of the generator as a general purpose

solvent, is not a good solvent for Nigrosine dye. Therefore, either ethanol or

.:iethanol or water was found to be preferable.



Table V

Nigrosine Dye

1.62 - i06_ 1.67 g cm-3

10.26 ±5"';

Expected Observed
Concentration Equivalent Sizes Comments

Diameter

6.6 x 10-6  0.78 1.0 - 1.2 Like Fig. 5a

1.04 x 10-5  0.93 0.9 - 1.1 Like Fig. 5a

5.3 x 10-5  1.6 1.8 - 2.4 Fig. 5a

8.3 x 10-5  1.8 2.3 Like Fig. 5a

4.2 x 10-4  3.1 2.7 - 4 Like Fig. 5b

6.7 x 1O 3.7 3.4 - 5 Fig. 5b
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Mixed Solutions of Ainmonium Sulfate and Nigrosine Dye

In terms of the generation of non-spherical crystals, mixed solutions of

these two compounds can give very interesting results. Figure 7(a) shows the

particles obtained for solutions with 75% ammonium sulfate and 25. nigrosine dye.

Figure 7(b) shows the particles obtained for solutions with 25', ammonium sulfate

and 75, nigrosine dye. Solutions made with equal parts of each salt had inter-

mediate characteristics. We consider this shape of particle typical for the

mixtures because they reproduce fairly well, as shown in Table VI. No informa-

tion is available at present for representative effective values of refractive

index for these solutions.

Table VI

Mixed Solutions of Ammonium Sulfate and Nigrosine Dye

Expected Observed
Concentriti on Equivalent Sizes Comments

Diameter

6.6 x 10-6 0.78 1.0 - 3.0 Like Fig. 6a 75% Ammonium Sulfate
5 and

5.3 x 10 1.6 1.0 - 2.7 Like Fig. 6a 25, Nigrosine dye

6.2 x 10.4  3.1 2.7 - 4.0 Like Fig. 6a

6.6 x 10-6 0.78 0.8 - 1.1 Irreq. Like 50", Ammonium Sulfate
Fig 6b and

50', Nigrosine dye
5.3 x 0 1.6 1.5 - 2.5 Like -i. 6b

6.2 x 10-4  3.1 4.0 - 6.3 Dried Fruits
Fi(i. 6b

6.6 10"  0.78 1.0 - 1.4 FijIure 6b 25 Amonium Sulfate

5.-) - 5Fiqur 6b nd

5.3 ,. 10 1.6 1.0 - 2.9 Figure 6b 75 Niqrosine dye

6.2 10- 3.1 4.5 - 5.6 Fiqure 6h
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i 'ht ;catterinq; by Non-.pherical Particles: A Laboratory Study

A. Coletti

(',or ia Institute of Technology - School of Geophysical Sciences

Atlanta, Georgia 30332

ABST ACT

0' , of iiviin(q the liqit scautering by non-spherical particles into

t[ui-e com .)nents - diffracted, refracted and reflected - is discussed here in

the case ; noisperse aerosol particles using a set of measured phase func-

tions. A loqical schm2 is developed that allows a simple representation of

tle lia ht scattering properties of cLisses of non-spherical particles in a

,-a ion where .(cjnotric optics is not expected to be valid. In the limits of
is tnaly.;is, it appears that the eqcpations developed can be applied to lar-

,;er variet ies of problcins where there is a need to infer the optical proper-

t ies of ncn-sheorical particles.

].I "I'3 I ON L'F

The rop'rties of liqht scattere I by suspended dust particles is of in-

tar[et in ii:freent fields. In some e;ases, light sources of knani character-

ia'tics ire u:eL: to obtain inforimation on the physical and chemical nature of

aero:.;os; Lui otheis, suspended lust rmisks the properties of partially known

i w.t sur-ces. Fer ,xamle, various mdels of dust particles ire hypothesized

in i:: r-re.i t:tronomy in order to expLain the high enissivity of certain Nebulae
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,'.8., owin-Pbinsonl) and interplanetary dust grains have been studied

throu,;wi obserations of zodiacal liqht. In the atmsphere, where non-

:;hJ -icl. dust particles are cornonly :resent, studies of the dependence of

vtA.iative transfer models on the asymmtry factor and single scattering al-

x-.,vo (the averacqe cosine of the scattering angle and the ratio of scattering

to extinctimn) have shown that, under certain circumstances, these two parame-

tors need t.) be evaluated with a precision of few percent (see, e.g., Baker

.in(. Coletti ).

LiIht ;catterinq processes are controlled by the ratio between the size

of tcc Lar: Lcles and the wavelength of the light source, by the complex re-

"ra.ctivc i: ,x, .an by the mo-hology )f the particles. The large varieties

of shapcs i:ici cheinjcal compositions of particles in nature and the formal and

nue\ricl-cal c , lxities of rigorous solitions of the Maxwell equations, make

, ",Iact a(u Itions impessible in many cases.

}hci l:r. systematic exT)erimcntil studies of electromagnetic scatterinq

1:,'. n 1' il Zerall and by Schuermann et al. using microwave techniques

inl]i u;[ ''t !Tct, of various shapes and chemical compositions. Visible

1;ii 1n I wrator-;enerated aerosols have been used by different authors

C t I I f, ; olla1d and (lnqne; N.ipper and Ottewilil; Cross and Latimer -

, Pinnick :.-t al. ') to study different shapes of particles in the size range

"-here the Mie theory for spherical particles is no lonqer a reasonable approx-

imation. These experiiwnts showed basic differences between the light scatter-

in'; :)rOkrtis of non-spherical particles and analogous Mie spheres for sizes

ile rl r of two or three tims the wavolenqth. Basically the light intensi-

'I , : is 1unction of the scatterinq an lie, does not var" as much as in the

irncal c.ue, md it i.; less s-nsitive to the liqht .olarization.
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.L~e~cn tothese observations, Pollack and Cuzzi"'' ormulated a s-emi-

~viraIt;neorv to d(2SCrihW_ the lig(ht scattering by polydisperse size di-stri-

:articlcs ot airtitrrv shape~s. rihy assnnW a linear combinaLion

v'is- >.,,ros xind of pairticles that are diffractin4, refloe tinci, and trDns-

obet ~vjfle ,-he laws of classical a)ptics. In attemptmiq to pro-

.'rccedure2, Polack and Cuzzi c'oserved that, in the analvzoad

A.. ., .~ tA :'rartortsynmetry factor and sin4le scatterinti albe-,do, were2

s'. I')%-I' ffcedl tli rvhoLocical pt~rnertLes of the particles. In-

t~ s~'oberatonWas ITude'1 by Pinnick - t al. ~,who cc-)=ared the

_ erntv crvs_,:tls dth thatof L12'j s;21ls.~

22I.1 eo:Cksitio n is hrt '. 'Iriv '1k sec nd! ::art dliscusses thek

*~~~~~~ Lltth2\ tm < U rS . in the tird! :)art'

* . :y~i~naIdaaare U t ~ viIa2 csino' Ies L-A-

that -ia iX~us PoI I , nd u._. _3, ; hL2(1diI

1 .'- ,:ct ion e.'at ions to. Vk-sc pkr insl the reasuv 'd

is ~ ~ h rurncts ): IWt1~C t thl,; !tCtlan %N.il x. ess~lt ia liv to sho%.- the

1.;cree:S's ctive tr in liel'.t, SCa1t t(111' IA' xno-lhriaIah hn and

:.on-: sor in. rt ic1,es , in o)rklkr to 1"' 1! us 17P.iunt ion s nmk in th fol -

a. et !:I0 1"k th tirti ;)r1t , tb : ia sOltinsa.o'1fio into

I 1- !;ch ',,U wILCI, (WV21 thoU11 ;hex F1 l a1111 k1 , ctS the 0;I ;ca 1

V I~2 .. ;'. -Idrticls ()I ce-rtain ss ielI~s
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- Li'-L. A :SI. ENA1, 5 -1 IP

!> o)bjective of our set of measurements was to study the light

. :,roperties of particles of lefinite shape and chemical composition,

•., , WiL ator,-qenerated nunodisperse aerosol particles. As shown by

i . and Lju 2 , a vibratinq orifice aerosol generator produces

,-,. -. ,d , isperse aerosol particles. A solution of known concentration

, i :t 'orcc-d through a mall orifice driven by a piezo-ceramic that

ut ,i smcified frequency. The resulting jet breaks up into droplets

"ei:c ,imner the ccznbined effects of surface tension and mechanical

1l :. -elatively stronq stram of dry, filtered air evaporates the

aI iutes the aerosol in order to minimize coalescence and coagula-

St t i cles. These two combined effects are such that the resultine

L n, as observex with a scanring electron microscope (SEN), has

i.' ,a rt icles with volti-ne double those in the main population. Because

....... . ocss is basically proportional to the cross section of the

a,,rti ":u, the, iroplts will increase the Iiqht scatterinq of the sample by I

:1,(,L-Jd, thk' ae(rosol pas:,, z throuqh the laser polar nephelmyeter

..rnm~s' *which mosures the light scattered by aerosol particles

, '.., t.,:onal qlanes of p)l,,ization at scatterinq angles between 10 and

'7- ,, : ot TQ N he laser sour,-e is polarizexd either in the horizontal

I' ll-:' ar 111nn, 1,t rofe-.,nce ot the labc)ratory and operates at a wave-

* ','*' .: . m Il. Dur1- in' eaCh AxturTrut, lxetw-en 10 ind 40 anqular scans

'.., . " . . i t te, ,,xrTim, .Ital y i nts in t ho fiqures of 'hase unct ons



ureseteorenrsent the average over die total numbor of mecasurme-t-nts; the error

bairs cnt tJe variwnce.

'toe c--er rientat ion i-ncluded light scattering measurements on pairticles genera-

tod f rcr. thire non-aibsorbingj salts (soii chiloride, anonium sulfate, and potassium

chlorate) and1, --%' high absorbing compounds, metLylene blue (MB3) and nigrosine dye

(ND).

The po lar netphelvxter measures the ligt iffused by the aerosol particles at

e3ca ance r t7.va (D,oh -)eal planes of polar-zation of the light. DesianatLlg

nola-71zatlcn nnsby thei, indeX. i (= 1,2), th e sIqnal s. (1 etectedc by the

insnz~nt(corrected by the sin e ffect of the field of v~iew) is proportional tu

-2e nur5Lr Nof paarticles crossing the illmzinated volume, teir area Ascatterino

-oincy SCA andL- noralze ase function il ( . hat is:

1 sca1

-. ,,r D .3tho. sensiti~vity o: the i-nstrumen-1ts.

,.Liuntit---,s A, 0sc anud :-. (i depend on the size and saeof the p~articles

(v>2har zsui-Pc randcmilv oriented) . Q aind .( depkond also on the cemplon:
sca 1

re actr-.i- inelx m =(-2. ) 0hich, in turn, i:; rela' e-d to the chemical cenosi-

t~un a tnearticlios.

~ni~iL ointity D is obtainied from our instraiental caiibritien prc-

(A~ - .~~-&ia-surcvjit of the total -vij70r o, palrt &los N is tireubloscrie.
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,l.e phrodut N A ) is obtainable with an appropriate choice

th iv rirmlIxzation factor for Pi (0) i-fined such that:

(Pi(t)) + 2- (ii)) sin, = 2. (2)
-

In our anosuremunts (taken every 50 between 10 and 1700), we chose to

ccm:ute the nolmailization factor r, usinq the formula:

) 2 s (3)

'That is:~

F 3

, w, s. ( i) sin, + C + b(4)

'r '. '; itS of the SimTpson sunrution rule, and - and are the contri-
Iout i)n to t o normlization constant arisi nq from the two regions 0-10 and

" -- L) ° , v.hr-e n astu- nts arc not available.

L Y.as Wn .4y.c. tlhat a similar problem arises computinq the value of the

,i:.:: v :tor C from the nasurcm-nts. The asymrnrtry factor is a paraneter

,I ;i:.3'd in F-a diativ, transfer zixiols ' and is defined as averaqe value of

+ F)t sin cc~sd".(5)
!U

:',,i v t' i P. (3) , ' c,,"iy cit a numerical smviation of the experinkltal

it-i to )bt.iin an .stiLmate of G rctm ai equation of the form



'1"i ire A~tll thu cont rilhut ionzs .'ism !3 n i:l t!. a: §n

Al;,can, at S',ih'rin 1.7 Oirt h21P5, (-ih'ULAtl( ns 1%ad! aIsill: I' !i

tY nu Lar rn1cation is r't tha-n thie exircctocetr~Kft I trr-r r

valiues -)t tine si::e p aramaitor x: (roe rati,) x - 2--r *-",I( ' tL-s nI-a'

of tin ;Mrticle and Whe wa"eO;'h) o-reairer ihan Fo r a, aju.e r ro ,,ar

m, 20., the cantrO uriu w no scat er im: ~ 2ivi-~

Sf)'' an:cc-urat' ! o)1 ~!lr vCwrtenin: lbet,; ? AW 0 "

*-onward scattorin: :-nm w Kim'. 04:- rhin' :anrt e k

a:. ~ Iras'.' Jiescribex"d yr "!"k- 12 1, rat i'm ! a., :' 0e( Dkxn 010d 1-;( 1

............case roi!5k'- a xasa'.~fstilt -)f int-.--

tween di raction and n, !j ractinn, is not, ,d, lar --.ampal by Janer

1:1 ras The diffraction for-mila can s-il1 be considered a qlood a: proxi-

C!,i(>xiisan and Greensleaves'", Kerker !, Pc<Llack anid CuLzziO) bw the2

: t t in size pararwter x w'ill be slicholy di terent Amt~ hw true Mie

arltur Y In fact, the first rninLmuln in Uie diffraction foiula

2sWith the" first- Zero fthe Bessel function of the first kind, qiveri liv

i ,n Lr; nr>.~io Hu, first miini-mun of the mio theory ( for real

Y~~ ~~ q "i, my . is Aive by,:



XMi. 0.92 xdcoS (d c 2o (9)

" I: non-spherical randomly ()riented particles, the diffraction is

::or wljti an%- lonoer to a single value of size, but to all the possible

, ,, ct :s ebtainable from ditferent orientations of the particles. In

t::< L es resented in this article, this effect has been disregarded because

v.-, r - l narticles that, in the neasured forward portion of the phase

> i, :-v, r i se to we1l-;efinod dif i:,,ction peaks.

.... e quantities - and f with the following numrical Froce-

H, ,tin Irom the rreasurmments of the anole interval where the

: :ru in the diffraction peak occurs.

n : the -anoe of lmssible size paraneters d from the

tis minLmiun and the information on the size of the

IC, is b . iy bined frot the SI-1 1icture.

. t it the 'raunhofer diffraction formula ":

.,: ) c - (1 + cos t; (10)

:;t t- tu l, valuts o x no' of the norm,-alization factor c..

, t: 2f 2,;itin-n, , :to)resnts the Bessel function of the

I i I1t I ,r , the t..'( inteo(lr,] s:



Sill Cos-d (1

A ,x) sin. J-

~~~~~ 1 -rc .,:> etiu os I~ b lin b arte -uc:: less

* .i nase :Iunct.:ns I<-:he ical :-ar':icles alvavs ::rescnt

i n.. rc"njlar 1~ ' 1!...-irqle lina in~te2rnclat~o.n for-

Lneedn: n i1 o (12) inte rei )n 1 71-130, anaei'o lx:

1 sure .ows Cthu it'AL)l ).jn t! eut o., tifl- Mie tfxjy'j' -o

* . St Q.)ino( o-fl X'Err fl.2flt -ooa-I i. O * f) ~ ~ Dl s f0~h~

o1 iur. her ::r-, i:i:::z3and na i-mirn size parameters arc 9.

trXxll ated' 'vale e the ;s\- ktrV% ' aCtor in this CS2

-~.~lctlj', Mij. t~xeor-, TivCS . (.8. Without the cret

~ ~u h I d: .r W;rt. jUL1-O L i :In V'IC)I 0')O ).ly (stirite5.71T

1 (iex rc tc iVe i~dex V = . b) the Valu-e 1): the,( Mi) '~'

~~n~erux: Ii: r~elC~r ~::e niramtcr -ire r~cie 'h

4 . ()F~''51' IS4t*i. 'MiPTCAI, PiIASV61: r'W .

I. -x. * c'l'S . "I'1,ftl C -~t- ~tiIN ~ ' > isi':
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e,,t. ,t he Tll-;lre phase ftunction :or non-absorbing particles of NaCI

,uniinlmtini and 1uximMLI dimensions, estimated from the SE 4 picture, equal to

.7 - 3. in. Viqure 3 is the phase function for absorbing particles of

e,''.c Lenablue of minimutm and maxultmu ax.is 1.6 - 2.2 m. Comparing these two

%0s, wnotic Ilow, in the lfoward pxrtion of scattering, both kinds of

.at-tces r .....t ',)eks that could be doscribed as due, basically, to diffrac-

ten (r.q.resnted by the dotted line in the figures), while in the other direc-

ti.ns, they "ollow different patterns. For non-absorbing materials, the frac-

t,; of liqhtv reflected by a surface is at the most of the order of 10% of the

re: tactw, :r.ict ion; the rofracted light, crossing absorbing materials, decays

................ t :' to ,Xtp (-2x ) so -hat it is practically completely absorbed at

--a t.ic. ness two or three, as for particles of Fig. 3. While the par-

tici s . B -.' a ar to bex sitty rough, amorphous crystals, the particles of

*, '~ra c hief , ar,, a shll-k i ,ol)ination of crystals so that diffuse reflec-

t I- " dfl. OcICC'r 0:] te i -r s .-tact.

Pi .in. -'ii :;howF, the anqular 1opendonce of the Fresnel fraction of reflected

!,'L ofractlve inca>: at sodium chloride (m = 1.54 - 0 i) and

.or I- , with -ofracti.', indx m = 1.55 - 0.Si. These fractions

n( ,)" t c m ) I :'1 r-ct ,, ind ,x , md on the shape of the particles; they

3) .l<e Jo:! .: n"ll thcn :i.e, Lilt ar inf]iioncod by the roughness of the surface

(cl rarxl .i' h the wavelenqth) . "'he tract ion of rcflected light with transverse

.IIctric v'ctor has a miniuml (a- the Hrewster angle of the material) while

t eat .%,itii ;Irp-,ndiniclar eLectric .,octor increases for decreasing anqles of

'VA ;r.oilart y l. twrn tle rofhlect vity curve in .'i-,. 4b and the phase

1,t c: , h ,rt IClo! of M o)nnfirt; the idea that tie ref lectod compnent



I ~iOCIL 1,t 1* 1K -11- :ca t ill'y 1 11(41 US .. i I it L Weak ill the case of SOii~n

-,%7 1 'st* .it isa it.o into rest 104 to, note that thu rt~fracted unpolar-

-. .... ~0, :~1l.5chlor-ide has in anqular depxandonce similar to the lk~ire-

* Ir~arleiIctWcom~xnnt, ,-o ThIat ret lect_,on arnci refraction -irc practically

u0 sliSjalo ilf the ljiqht is u xarzeas in t-he case discussed Lv Pol-

:hicht refr-acte-d hy a raI.,.ndol,: oriented nor-spherical particle, ccrnot:

1X dearim~ an xact ioalther(e ore, we arbitrarilv chose to fit this

*Mutert '.e t ',-Y 0 hose fun ction i

S ( ) (1I ~ /H( + (1- 2(1 Cos- 3/2 (13)

a ~ * to a:tui 1',.>f0is also the1 as%7T,-etr,. tac-

In.. ion :ornl osa I tr I t.., Y(. T~. I,; F,17 ro NrI 01o-I'I

.i:r1 1< 71 
5 rr.;; Jh', a t au~nd 4.e lit the oI -xt

* :t:'1 i roo io, )1ai i rt'a din ~ i an Vi 'oe e 1ti ph"e"d c

tht '117 Ad,, !!,a Isn. V ' ' 1.

I'A
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.,-'I , . :)hast: ':'. " i.; 5.1" anli it is related to rfraction and

.- , '7t n (J ut not refract.o.i i.itrfnring with diffraction) while

i:! c icICnt Cr, accountinq for reflection by smooth surfaces,

!!s~i : nt in Pig. 5 between the measured backscattering and that

:t. t he best-fittinI culve, indicates that some other process is ac-

.'n. un of scltternc. In the case of the spheres, the high back-

3ct .,c : :i),sica1] due, to combinations of external and multiple internal

, o. In th case of non-spherical particles, this process could pro-

,. : wth r.,ls of liqht reflected by rough surfaces, as proposed

t is Toi7 methylene blue, the major contributions are from

:.-act, (c 75 and polarized reflection (cr 25%).

-' j*. ! !; the co-flici-nts obtained fittinq the set of measured phase

.,..i ns-,- .t'rsols ot' s(xiium chloride of different sizes. Presented for each

:,t1>il." ho : , size' observeod by SIA, the best-fitting Mie theory size pa-

•.'v ,,. (2 :,. t.ination was possible), the size parameter obtained from

t,. -:it-:. t: C,.%',, nd the values of the asymmetry factors: that for the

i,,nvi-',- stz:) ihas, Itunction ;; that conpute(i from the experinental data in

th, uit,'*l 0-170. V; and that obtained with the extrapolation. C. A few

o 7(1111r.t; On t i table arev necessatry:

i) hk. , 1r,, size of the Particles X SE , actually defines an interval be-

c.,;,, i , ,icttires the particles appear irreoular;

.Ju2. :, aks ot the phase unctions determined the size of the Par1-ti-

V,, th the S)Lctur.,s, but still not enouqh to allow us to

l.,,,,v+ i:t(,n,! Svst,,inltic di-terences b tween ",ie and x, without

.2 a l Vi Ilt I..on;
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t) Vae lt!Ou 0u turned ot tnot to be critical for the beust-fit and alw.,ays

razux atvIn the vallue of 0.4. The sank. is true in the case of thoe- other

~~n- ~:ehin~; tt d!i. rer 7)1: :. ruif~rn an valueS Cof

~xrrethe value s of the2 coeftficients C~, and c in Table 1 , it can
cd t r

!,,Itht the, re! lected compxonnt, Cr, contributes less than tl-- o)thers

U3.:~\ rase !,unctIcens. The.refore, in orde.r to obtain inforazion in

~2o1r~ts: rOX~rai ()!Io the,- relative variations of d.1iffracted and r-.tnsmt-

i* .~et;as usnct 1onT Co, siz , e can kentldis coefficient constan- ano

o~~iis "' '~~otat:

c ase of spherical non I iotMece iico, the morecl-

* ute'ia te t!c he extinL-tion coo' ic-7- it, as a faction of LJhc s: zo

-~~'"~~ecXnI '' 'nea (iuo to con, tru.Id~!ve Lnd! :etctv itreCe

actt: an . nt '( lic-ht '. T111e 1 *: seCtS -N,'liin al.se td : ,11in

-ions 17reS, nt in t( ho ClV f the as-1rrmit rv -actor-'. Fiqjire ~I sIyws

ri~n i l o' LA i -is%,vtIktr ,'hcto)r C,, is lunction of th sie

narar~ t r , a .- ith Ov ctuv of theo asvnflt ryhco, enuedwt h

on'*br-i ~ r ca 'u-t iles of sIi is as-;LT:mAn T, 1  n coil I,

act I-vo index mn -- . 1 . LenpariLnm FL,- . -7,a and Fi t. 7h,, it can 1 us' thait

-I~da io -ssIt.O)h aus ;a hna ~ of icits -1
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ract:W ]l,;it c d . * covor, the values of G follow h-asically the sa,- law

C" the Miue scaitterino asvmmtry factor besides a constant shift on the x axis.

'D-, ictur--s taken at the SEM of the particles of sodium chloride (see

i::c~t 1'i,;. 2) show that this salt crystallized in quasi-spherical structures

interia 11'. e.q)ty. For spherical particles, the maxima and the minima in asym-

:: ::'factor curves are always in the same position for different materials

:.ottev: ,rsus the paraneter x(m - 1). In fact this parameter, called phase

s:ift, take. into account the real optical path of the refracted rays inside

..... eover, different authors, discussing optical properties of

.2-: ric~. ::articles, have dcn)nstrated that the size of irreqular particles

:' convcntlv ex-prossed by the radius of the sphere of equal voltzne (see,

.;., references 10, 23, 24, 25). 'erefore, it is justified to shift the

x.eo'&,ntal values Of the asyn tmry factor along the x axis (dotted line in Fig.

; 2,r,_, t.j trckc irat cc tzc real av ra,-- ount of bulk material trans-

*.,i t ,' ht rays.

To obtain the Lxest cstimate '-or this shift we computed the root nan

. l.r' valueA of the iist-inces betwcen the set of experimental values of $

1;t1. t O 1 t c .I I Cur "", I M i.

Mie " 

(Iie

• ,,,. .<,r ::; tr2.., tota] numbr of indeixondent determinations of G. These r.m.s

~i, tr~;q e:olottted in Fiq. 8a for soxdium chloride particles as functions

[ vi:i , :lctor

x~i : "*iIe (])



In treo calculationis thc Mic theory as\x-try factors have Ixon obtained as

x:v?.raee.s on a narrow size distr-Lbution of particlt-s (a loa-normal with rela-

ivo variance of)1 512,, in order to avoid oscillations of the r.m.s. devizitions

withtherirnc" f the Mie theory. The ficure shows that ;cy:)d- aqreemont

hetieen iheov an e-qArime~nta I valu-es is found slh i im- the Mie curve by the

naf~l -eu n irt ions ea h rad o the set of e:rrnm ntal daaob-

t~~ae or.ir~ninisufae nd:A)taiumir clhlorate aerosols. Ti(.. Sbj shows

t~Iot':t!Oe r .m. s. deheii~51t,e( n t 0- as m-,etr f actors for particles

:ri ic o xut:ssIumn"1 if,- ( X~am 1 r-o vide 1 3) . Bo'h

I l- an'; 8c show -I c a:ure vo m e eljn aco

Insort. 1 ,: T

.<.rn 1,2lls. P--w tl::I -"!)c 1-x,! a na lx e l 2 ti mto

~ ty ~torn tno a:- a m : §ie d the >cet e'r ne for cormp icy

:t vm index :-,I 1t 0, 0~( ). -!his vdiue (,) the (x:-qolex rcfrac-

IC, 1 t urn-,; out t o ive no -a;C- 1 I'I at. i s i Ma:-0thetox I ioht

2~IM I:w a h Ihs.Ljtos tw+- the1 Us\yrnet; -,aCt, 11; IUy ims

a-: T 71 ','I t I AC'x , Is :ho n n . 5 .
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Vhe ,x '~L:rThnta1 r-osults obtained )n aerosols of methylene blue (complex

:~:r.1ctL',, inx m = 1.55 - iO.6 and q = 8) had properties completely analo-

n t i.ose !iscussed in the case of nigrosine dye.

3. .\ ff'. ;1\L AiPRXLMIATIN

u Ox. ,rLmental results have demonstrated that the laws of gecmetric op-

--n : :s ±d to fit phase functions of non spherical particles but that the

",.,k", dm d to compute tihe asyretry factors or scattering coefficients.

t :.,L:,'. SIZO :article rane, interferences occuring between the differ-

. :tl: liohlt, diffracted, refracted and reflected, do not sup-

- rr th, ass:tri,.tion of non-coherency between the three components. We observed

i.so -,at the ,rim.cipal interferences cxcuring in the experiments is that be-

t.,,:i aif -ra"t,.nd tran--mitted liciht in the forward direction.

I" w' e:.z t-oss t',e tntensity of lijhIt at a given point P illuminated by

.ea,< cew nt :tencrmantie waves as:

1(0) = I' + I" + 'cos (.) ,I'I" (17)

.d, [ro :' tuh I" tre the intensities and . the difference between the phases of

w have that, at a given anqle , the scattered intensity is

: rr Mtor- . I I tO:
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IA NAQ ~ -c ,f1  x) -i (1+)~ Cq r. (.*,m)

4- 'Cos V(0) (-) t f( li, ) f~(,~ d i =1,2

xY rSSCS thte r-atio betweken the lioh,!t d;iffracted and that transmittedI

n,-!~ t is the traclt ion of liuh1-t tran-smiltted throuqh the partic:le.

ni aa'air iffLorenco xw'nt naoa tlht di ffracted idld

t it fl;rer is a functior. of t-he scatterino anoLZ xcifl

Lca1 uthtrav,21lW by the rave InsiIc the particle. We assurn her

:i)ctelal theO 1inflected iclht, iniio tc' with r ( ,m) arc i-rco-

o:; rcviaus sect ie, t ias iAet-l sl-ywi h-ili tl, pha5,2 ixtween the dif-

a rt rcte Ii~h i~~e ax. t ~:' ak c,-i i,-i Jiwroxfiated lI)%

e: te aja 1r~v:~rnon i:' *~t -i> Vi~' :h re,so th-at at zero,

,11a)- art: tht ctI I'TI Fact ;vt Iex tlw- value, of

* in :,-L7 W'InCl tl'. *Xt ifo ietIXt h: cfyln voltrie

ishe:I rst -maxinnun and is '~t uit.p:yinq faictor as dcofinxxl

r as. UItora ilywih -; va uIn I'~ lila tlIns c-in1 i

U ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~I' ii...'n:: awc.. wt 'i5inue o, i~sn t thelk'~x

.14
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co/, co ¢'o (20)

.,,2ti' Q 2-<U~t ti~on n the first zero of the Bessel equation of the first kind

in 1Lu k'7):

- arcsin (x /3.85) (21)

0'e also uL" ':<Imte t as ewqual to:

t- (1-r) em (-2 xdn./:,) (22)
r : (r, + r,'

. . r 's t e i l r 7ofia c'tixitV a: a ;phrical particle and the exponential

LKCs L toD account tho intofnal ahsouption.

.22 uvt ,t factor c; o th, (,q) is dctermined ex-perimentally with

Itw '~r.vicus s tLon Lund is a quantity characteristic of the

i ia s-: ) New wt c u defin( the :ollowinq quantities ( mitting the

Z i-t. a:) th':._ :arnct iris)

'ii fd sirco~sd:/<d
/d

(t :l. + rl) - (t fl t r )

t 2 sincos-d

: (, flj) 2sincos'd'
: 11Gi

- fl '; :' d' :co~nstant



- U ~ r ±r )si 2 =constant

j23)

AS1,71~. SihCW o*ol

-Ir :-('I K'ct m

''t t t' S'.~ktr'' cto, at((t AtIi (13 UMS' U~l~I(.h 2xas:r' o

o. 4

4C n s4.1 , :

lit ~ ~ ~ ~~' .vm~: i t h lvajn ay It ;"' wl -uv. ,-, ', 1 -~~1' s :u
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cos u cos (20)

ht the' r.p-o:ution On the fir;t zero of the Bessel equation of the first kind

:Amntjjm,, in I t"7):

- arcsi-n (x,/3.85) (21)

We also app ,L'J1ate t as equal to:

t- (1-r) exp (-2 xdn./ ) (22)
r (rI + r.)/2

.," r -s the total reflectivity of a spherical particle and the exponential

tases .nto account the internal absorption.

71- asyTztry factor g of the f 1' (,q) is determined exqperinentally with

-no ocou f the previous section and is a quantity characteristic of the

te. Now we can define the followinq quantities (omitting the

Y:: :ts o' the tunctions)

,i f( sinrcosd"/ / d

(t + ri) +- (t f + r.

t = 2 sinFsncost'd

(, t. sincos.d,

F sin d' constantKtI, ,



ii': ~ )sn~d constant

(23)

A tA

2o: our artificial 13hase function, masrior

d~t 4)

... : I: i*!~o>x3s the sol"ct>D:) or a rtiOa ,--I tio:

:;il 1b royt n , we hav,, constructd 1ci q i u nOio a s *- e o

-t tl-r'asured Base funet ion -:or a cony ona nt choice ot hke free u- 'retor

Uk:(- <r V( ~Ven lues of the siuc alictrt X1 , th- mol1t 1'. 1%'M1 :,Ic-ters 1 Ind

1c. 'x mr'o .atv ne In iddit ion, it is :,ssihlie to prc~iict

II icd s '.'ith simMI 1,11 11, It (:-;XT),'., alli f . r . thc he
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'u :' <,v 'ntt'Ily m) where the Mie theory is not a better approxi-

::UL.ten.

H ro;uL~m10 uml Ii show examples of the comparison between the experimental

.at, ,u:, th, si:nulatexd phase function as obtained from Eqs. 24 and 18. Fig. 10

-3 .or soditim chloride; is equal to 1.6 and g = 0.4. Fia. 11 is for methylene

boc; " is 'a to 1.0 and G to 0.8. These fits are similar to those already

iiscus3d in the previous section with the same disagreement at backward scat-

r.: amqlt2-. In fact, this second formulation did not change anything in

tit :x_ -tion ot the p-hase function. Table II lists the values assumed by x'

-r t ,, i chlori'e aerosols of Fiq. 10; here is defined as:

(1- 2 (27)
" T1 "' - ( )

I ) r tl',' vlues or the semi-empirical phase functions.

X, .xn 'cnc lode that the, assuniptions imde in determininq Eq. 18 approxi-

-., sc' trin, procs-,(es in the cases analyzed, and that with the use of

..f, '.e, ,u .;im-i ur-ly -oconstiruct ofther phase functions.

I ;,a c: n Wi .t , )hserv t-hat if tho equations ',oiuld be precise,

Ii.-i',an: it , she ,d ibe, constuit ar-.i it'intically equal to 0.5. Therefore,

V., tluct it ions o1 around th value' ,I f 0.5 in Table II are a quantitative

.;t :mnt , he ,rxdness of the aiproxlritns.



Sc:'lcinivin et al., throuchl the study of diFferentclssofwl-fid

~:ce~rr esosented nocisely measured phase functLons in each case. Ccletti

~,as(1982) observ'ed that t-he phase functions o - particles of sodim 7hli--

:dc iru ~'t not identical to each other, were indistinishabl (2 th

.inase ncien o particles of amurniarl sulfate crystallizinu with c octelv

ei:rctshape, analocous size and similar re~ractive index. That is, the,

slieht :eemtrical differences occurivqi Letween particles of the samre salt,

ar ecu:nto wa-sh out, in thet scatterinq pliaso f~unction, the, characteristics

~ te t sccfi awx . This obsenv'at-i! :LIV, Iav .iTJ7 rnre a ral me10anln, fro

hc1avl icatlen -)oint of vie,.,, to thet-so esr~ns evcn t,:O teywre

affcted LvJ laraer ex-perimiental uncertainti,-es.

it t ine: -)rocevhneL (leSCr-i in th.is ii-ticle is a C ntial re; -

:etalno' t-L intuitively SiIIsole hVSiI Concrt 01 Ili rac(t ier., 171- -,t- 1~,

inc- ro'!iction. Whe.(n combined, these conce-pts descrlbex the lioht scattor,.:i nij-

seve CL~~nalywit-h only small uince rtaji ties. The oxxerinental re:-ilts

O:LP5 7ani3 hoinq analogies betv.'e-en the Tmeasured vlu e ot asvm~retr.. fac-

ref.; ar thse corqrputed with the Mlie theory have demonstratedl that arolvirn the la3ws

ze :i~ rcoptics to nxunodis~x~rse aIerosol;, we huave to disreg-ard the.o law that

theC ccS ection Of A particle has to be ,ejiial to twice its cross section. Wc

cow,11 ci nt Invoke (as did f kxik irusonl and Gre1(1 ia~s* noll uc~ am I11 C :: i- ) ily

WAS11 out e IfeOct due to SiZe- distribUtionl 'Alrt~ ,bt at the' saMP time,1, we-

aerI i!(owed to uIse the Nile theory ! (r c-. hn cii rt ic lo as iu suit able criteri en

va io te nter! :rtue s 1)x'tW( fll t he Ii;h IIffract 'd xd trnmttdb the
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rho advmtaqe of our empirical approach lies in the fact that with Eq.

13 ind Fi{,. :-5, we had been able to predict the set of measured phase functions.

'K only free mirirical parameter introduced in Eq. 15 is the asyrrmetry factor

!or the tran. rnitted component q, which depends weakly on the shape of the par-

ticles so thiit it can be assumeTd the same for different kinds of geometries.

'"')o ""Ir-nete:s -, t and r are determined by the complex refractive index of

',he mraterial and its distribution inside the particle; G (or () can be deter-

mincd experimentally as in our cases, or calculated using Mie theory.



Table I.

Sodium Chloride

Run NI G' G c C
Ru SEM I 1 rMie  z r

62 6.68 7.3 5 1 5 .690 .714 .35 .565 .423 .012

16 5.2 10.4 7.8 7.8 .542 .608 .40 .332 .554 .114

15 7.8 11.4 11.4 .356 .405 .40 .319 .400 .281

11 10.6 13.1 12.6 --- .361 .526 .42 .360 .450 .189

31 13.6 15.0 13.1 - .447 .594 42 277 537 .187

72 23.3 24.6 22.6 ..384 .723 .40 .422 .466 .112

2 21.9 24.0 22.8 .316 .6E,9 .40 .593 .321 .086
0 25.2 29.5 27 .379 .702 .42 .452 .3' 3 .155

Ta ',l e 1.

Values of and as defined in Eq. i and 24

for Sodium Chloride

5.0 0.525 38.0

7. 8 0. .37 39.3
11 l.4 0 ..3 41 .:

12.6 0.,;, 42.0

13.1 0. '7 43.0

22.6 0.5 , 50.9

22.8 0.51? 51.1

27.6 3.527 42.0
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FIGURE CAPTIONS

ii:. 1. comxrison between experimental phase function and the Mie theory

,or nrijrosinu dye crystal of about 2 ,im size, on two orthogonal

piimes of polarization of the light. The value of .s'in the insert

is the non extrapolated value of the asymmetry factor. In this

case, the best-fitting value of :s e is 9.4 and the cornplex refrac-

ti\e Lndcx, m, has been chosen eqoua] to 1.67 - iO.6; the extrapo-

latod isyTnet ry factor ( is 0.884.

i. .2. .easurod phase fUnction for sodium chloride crystals with size ibout

2.3 rm (shown in the insert). The dashed line is the Fraunhof.er

*Afraction curv, :or x 13.1.

Fi i. 3. nasured phase function for ethye e blue crystals with, si-,re about

2 .in, (sh-own in thc tnsert). The dashed line s the F'rajnofe_-

diffraction curve fei x ii.

i [:. ;. P'resnel reflection ,;funLct ion .,4 the .,x t te'', o oriole ;(e) , "nr

ractivo index 1r. 1.54 - i0; (b) , for re fract ive inoox n =

- i0.3.

Comnarison between the measured phase function for sodim chloride

crystals with size ab-Xout 2.8 1m Md th, best-fit for xd  13.1.

Conparison between the measured phase fulction for mthyleie blue

crystals of Jbout 2 ,en size and the hst-fit for xd 11.



12 12]RL CAPTIcUS

(continued)

:'ii:. 7. (a) Contributions due to diffraction in the case of NaCI aerosol as

uLnction of the size parameter and in the approximation of neg-

liqible contributions of reflected light.

(Ib) EKbqrixmvntal values of asyrmretry factor for NaCI as function of

the size parameter xd (squares) and Mie theory asynmrretry factor

curve for ",ie x xd (continuous line); the dashed line is the

Mic theory asvnrtry factor curve but for xd - ie 1.6.

i' ,;. 3. iboot mean square deviations between experimental and Mie t-heory

asynTrtry factors as functions of the multiplying factor cr:
(-0) NaCI

) :or xTcnirn sulfate

(c) for potassiin chlmrat-

9. () Comparison for nigrosine (lye between measured asynmmetry factor

(squarcs) and Mie theory curve.

(b) Pot mean square deviations between Mie theory and experimental

value of the asymetry factor as function of the multiplying

.actor =

F.i . 10. Comarison between the p)hase functions as predicted by the semiempiri-

cal theor , (for q p 0.6 and = 1.6) and the results of the ex-peri-

mnnt:s for scxiodiu chlorule:

U) tar x
(hi) :or := 7.2.

(a) for :x1  fl]14"

!,) I- x... 22.8.

['io:. Ii . C' m: arI i tweon phas,- function predictod by the seiempirical

'o.' ( , = 0.6 and 1 ) and the results of the exLeriments

I'r uti'"'I, ent hII.' with size p,-rantor x = 1i

](
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